N In healthy participants, isolated lumbar paraspinal muscle fatiguing exercise caused a more forward-flexed trunk and less lordotic and more laterally bent spine position during jogging gait.
N Participants with low back pain exhibited fewer postural adjustments in response to isolated paraspinal muscle fatiguing exercise. This may be a necessary mechanism to avoid potentially detrimental spine positions. L ow back pain (LBP) remains a significant health care issue, with more than 70% of people in the United States experiencing at least 1 episode during their lifetime. 1 The annual incidence of LBP has been estimated to involve up to 45% of the population, resulting in more than $40 billion in economic costs in the form of medical treatment and lost wages. 2, 3 Individuals who want to maintain a healthy lifestyle may be restricted because of recurring and disabling nonspecific LBP. 4 Those who must continue with normal and necessary activities of daily living may choose an adaptive mechanism to preserve function. Some may use an unfavorable adaptive strategy, possibly exposing muscles and joints to injury or long-term degenerative processes. Kinematic changes during activities and gait may help to explain the recurrent nature of LBP.
Poor lumbar extension endurance, measured as the duration of sustained isometric contraction of the lumbar paraspinals muscles (ie, the Biering-Sorensen test), has been identified as a risk factor for developing LBP. [5] [6] [7] Similarly, persons with current LBP 8 or a history of LBP 9 exhibit poor lumbar extension endurance compared with controls. Thus, the rate of fatigue in these muscles may be different during exercise in persons with lumbar paraspinal weakness and poor endurance. Research 10-13 using models of isolated lumbar paraspinal fatigue recreates a condition of poor core stability in order to study potential adaptations during exercise in controlled settings. The core describes the active and passive structures comprising and providing stability to the lumbo-pelvic-hip complex. 14 Isolated lumbar paraspinal fatiguing exercise has been used to compare postural control and neuromuscular response in healthy persons and in those with recurrent LBP. [10] [11] [12] [13] In healthy persons, similar localized lumbar paraspinal fatigue resulted in deteriorated postural sway and caused participants to exhibit a forward-flexed position while standing. 10, 13 Recreationally active persons with recurrent LBP and healthy controls experienced reduced quadriceps voluntary activation 11, 12 after isolated lumbar paraspinal fatiguing exercise. Isolated lumbar paraspinal fatigue may cause kinematic adaptations during jogging gait that may affect persons with recurrent LBP differently than uninjured individuals. Difficulty maintain-ing appropriate positioning and stability of the trunk as a result of excessive fatigue may affect lower extremity joints during activities and may help to describe lower extremity injury risk in persons with poor core and trunk stability. Therefore, the purpose of our study was to compare 3-dimensional trunk and lower extremity joint kinematics during jogging gait before and after lumbar paraspinal fatiguing exercise in persons with a history of recurrent episodes of LBP and controls.
METHODS
A 2 3 2 repeated-measures, time-series design (pretest, posttest) with static group comparison was used to compare lower extremity and trunk kinematics during jogging gait after fatiguing isometric lumbar extension exercise. The independent variables were group (history of LBP, control) and time (baseline, postfatiguing exercise set). The dependent variables were peak sagittal-plane, frontal-plane, and transverse-plane angles of the knee, hip, lumbar spine, and trunk during the loading phase of jogging.
Twenty-five participants with a history of recurrent LBP, including 12 females (age 5 22.3 6 2.7 years, height 5 169.2 6 6.5 cm, mass 5 64.5 6 6.2 kg) and 13 males (age 5 22.9 6 3.5 years, height 5 183.4 6 7.8 cm, mass 5 83.5 6 11.8 kg), were matched for sex, height, and mass with 12 healthy females (age 5 20.8 6 1.0 years, height 5 169.5 6 7.2 cm, mass 5 64.6 6 7.3 kg) and 13 healthy males (age 5 24.5 6 4.5 years, height 5 182.4 6 6.1 cm, mass 5 81.8 6 11.0 kg). All volunteers provided informed consent before participating. This study was approved by our university's institutional review board.
All participants were recreationally active, had healthy knees (no current pain, no history of knee injury or surgery), and denied history of lower extremity surgery or recent injury (within 6 months). Volunteers were excluded from participating if they reported a history of intervertebral disc injury, cancer, neurologic injury, or radicular symptoms in the lower extremity; vertebral fracture; or spine surgery. The group with recurrent LBP group consisted of persons who met the above inclusion criteria but reported at least 3 LBP episodes within the past 3 years or at least 5 LBP episodes in their lifetime. An episode was defined as LBP sufficient to impose limitations or modifications to daily activities. 11, 12 Persons in the control group reported never having had LBP.
Instruments
Joint angles were calculated during jogging gait with a 10-camera motion analysis system (model 624; Vicon Motion Systems Inc, Lake Forest, CA) in conjunction with a multiaxis strain gauge force plate embedded beneath the moving belt of a custom-built treadmill (AMTI; Watertown, MA) ( Figure 1 ). Force and video were sampled at 120 Hz.
A lumbar hyperextension chair ( Figure 2 ) was used to allow participants to comfortably perform isometric lumbar paraspinal muscle contractions. The chair's footpads provided leverage, so the torso was unsupported by any part of the chair. Handlebars helped to support upper body weight and relieve the lumbar paraspinal muscles during rest periods.
To quantify paraspinal fatigue, we used lumbar paraspinal muscle surface electromyography (EMG). Signals were amplified with a high-gain, differential-input, biopotential amplifier (model EMG100C; Biopac Systems, Inc, Goleta, CA) with a gain of 1000 and digitized with a 16-bit data acquisition system (model MP150; Biopac Systems) at 2000 Hz with a common-mode rejection ratio of 110 dB, an input impedance of 1.0 MV, and a noise voltage of 0.2 mV.
Procedures
Before data collection, a licensed and certified athletic trainer (J.M.H.) performed a physical examination on all participants. Volunteers were excluded if they displayed any lower quarter neurologic bilateral asymmetry, pain (greater than 3/10 on a 10-point scale) with standing lumbar extension, the inability to extend the spine at least 156 (measured with a standard goniometer), or a positive straight-leg test. 11, 12 Participant Preparation. Two round, 35-mm-diameter, pre-gelled Ag-AgCl surface electrodes were placed on the skin over the lumbar paraspinal muscle group after the skin was shaved, debrided, and cleaned with isopropyl alcohol. Electrodes were placed about 2 cm apart, parallel to muscle fiber orientation at approximately the L4-L5 spinal level, and over muscle tissue, as verified by palpation and visual inspection of surface EMG signal during an active contraction. A ground electrode was placed on the anterior mid-tibia. Participants were then fit with 22 (16 lower body and 6 upper body) 14-mmdiameter, retroreflective markers according to the plug-ingait 15, 16 guidelines for marker placement on the torso, pelvis, thigh, shank, and foot. Markers were placed bilaterally on the second metatarsal head, posterior heel, lateral malleolus, shank, lateral epicondyle of the knee, thigh, anterior superior iliac spine, posterior superior iliac spine, and acromion process; on the xyphoid process and jugular notch of the sternum; and over the spinous processes of C7 and T10.
Testing Protocol. After a 5-minute warm-up and familiarization period on the treadmill (Figure 1 ), participants jogged at a self-selected, comfortable speed for approximately 60 seconds while we recorded baseline 3-dimensional kinematic data. Participants then positioned themselves in the lumbar extension exercise chair ( Figure 2 ) and performed 1 set of fatiguing, isometric lumbar extension exercise. Once they experienced mild lumbar extensor fatigue, they returned immediately (within seconds) to the treadmill and jogged for approximately 60 seconds while we recorded postexercise kinematic data. Treadmill speed during postfatigue data collection was matched exactly to baseline speed. Jogging kinematics and kinetics are reliable 17, 18 and comparable with over-ground jogging when data are recorded on a treadmill. 19 Fatiguing Exercise. The fatiguing isometric lumbar extension exercise set consisted of repeated cycles of 10-second, gravity-resisted isometric contractions followed by a 10-second rest. During each contraction, participants were verbally encouraged and provided with verbal feedback in order to ensure they maintained a trunk position parallel to the floor. A 1-second clip of surface EMG during each isometric contraction was recorded from the right-sided lumbar paraspinal muscles and processed to quantify the amount of local muscle fatigue during the exercise set by calculating the median frequency (MedF) from each contraction. We calculated the MedF in the time it took to perform each exercise repetition in order to provide near ''real-time'' feedback regarding muscle fatigue. The procedure for calculating MedF from each repetition is described in detail elswhere. 11, 12 Fatigue is a continuous process, during which the proportion of motor unit recruitment shifts from higher-frequency (more fatigable) to lower-frequency (less fatigable) motor units. 20 In order to monitor lumbar paraspinal fatigue, we continuously monitored the downward shift in MedF while the volunteers exercised. When the downward shift in MedF exceeded 10% 12 (compared with the MedF from the first repetition), the participant was instructed to stop the exercise set and return to the treadmill for postexercise data collection.
Data Analysis
We recorded peak joint angles in 3 planes for the trunk, spine, hip, and knee. The peak joint angles during the loading phase of stance were defined as the highest angle measured in each plane during the first 50% of the stance phase. The stance phase included the time the limbs were in contact with the force plate from ipsilateral heel contact to toe-off. The loading phase was considered the portion of the stance phase during which the muscles were eccentrically contracting to attenuate impact forces. We averaged the peak joint angle for 5 consecutive loading phases for analysis. Marker data were filtered with a Woltring filter and interpreted with Vicon Workstation software (version 5.0; Los Angeles, CA). Joint angles were calculated as previously described. 15, 16 Specifically, trunk and pelvis segment angles were determined based on the internally fixed laboratory coordinate system; the spine angle was calculated as a relative angle between the trunk and pelvis segments.
We performed a fixed-model, repeated-measures analysis of variance to compare peak joint angles (within participants) between baseline and postfatiguing exercise and between groups (recurrent LBP and control). We used t tests for post hoc analysis, where appropriate. For analysis, we used SPSS (version 13.0; SPSS Inc, Chicago, IL). We defined statistical significance as P , .05.
RESULTS
Group-by-time interactions were observed for peak spine extension angles (F 1,36 5 4.7, P 5 .04), peak trunk flexion angles (F 1,36 5 5.8, P 5 .02), and peak trunk abduction angles (lateral flexion) (F 1,36 5 6.0, P 5 .02) ( Table 1) . After fatiguing exercise, control volunteers experienced, on average, a 1.16 reduction (P 5 .02) in peak spine angle (an estimate of lumbar lordosis by which higher values indicate greater lumbar lordosis), whereas persons with recurrent LBP experienced, on average, a 0.26 increase (P 5 .62) in peak spine extension angle (Figure 3) . In control participants, peak trunk flexion angle increased by 0.86 (P 5 .04) after fatiguing exercise, but this value was reduced by 0.46 (P 5 .62) in persons with recurrent LBP (Figure 3) . Finally, control volunteers experienced an increase in peak trunk abduction (lateral flexion) of 0.46 (P 5 .05), and persons with LBP experienced an increase of 0.16 (P 5 .22) after paraspinal exercise.
On average, persons with recurrent LBP exhibited greater peak hip abduction angles (F 1,36 5 5.3, P 5 .03) but less peak knee internal rotation (F 1,36 5 4.7, P 5 .04) during jogging gait compared with the control group. Although average peak knee flexion angles were higher in patients with LBP during jogging gait, the finding was nonsignificant (F 1,36 5 3.1, P 5 .09, 12b 5 0.40).
A main effect for time was noted. On average, volunteers experienced a reduction in peak hip flexion angles after lumbar paraspinal fatigue (F 1,36 5 8.8, P 5 .005; Table 1 ).
DISCUSSION
Persons with a history of recurrent LBP position their trunk and spine differently than do controls in response to fatiguing isometric lumbar extension exercise. Overall, isolated lumbar paraspinal fatiguing exercise caused a more forward-flexed trunk and a less lordotic and more laterally bent spine position in healthy participants during jogging gait. Persons with LBP exhibited consistently fewer postural adjustments at the spine in response to isolated paraspinal fatigue, which may illustrate an adaptation to simulated core instability in healthy volunteers. Persons with a history of recurring LBP may be exhibiting a coping mechanism to avoid potentially detrimental spine positioning. However, greater lumbar muscle activation has been reported with more lordotic lumbar positioning versus more kyphotic positioning 21 and in more flexed positions of the trunk, 22 indicating that these positions may provide better dynamic stability but may increase the risk for fatigue in these muscles during prolonged tasks. Because the force-producing capacity of a muscle is reduced as it fatigues, persons with recurrent LBP may use different positioning strategies while coping with fatigued muscles in an attempt to stabilize the spine. This adaptation may explain why persons with a history of LBP experience excessive fatigue in the muscles that support the lumbar spine, hips, and pelvis. 23 Similar to the fatiguing intervention in the current study, isolated lumbar paraspinal fatigue has been used by previous researchers 10,13 investigating postural control. Although a variety of methods are available for inducing localized muscular fatigue, these protocols are all similar in that the localized fatigue in essence creates an artificial condition of core instability in healthy volunteers. High levels of fatigability in the lumbar paraspinal muscles have been reported as a risk factor for LBP. 6, 7, 23 In healthy persons without a history of LBP, lumbar paraspinal fatigue resulted in an anteriorly displaced center of pressure and center of mass, indicating a forward-leaning posture 13, 24 and an altered postural control strategy in response to a balance perturbation after isolated lumbar paraspinal fatigue. 24 In addition, lumbar fatigue resulted in a more forward-flexed posture and impaired postural control during quiet standing. 13 Our findings are consistent with those of these previous authors in suggesting that a more forward-flexed posture results from localized lumbar paraspinal fatigue in healthy individuals who have never experienced LBP. However, in persons who have experienced recurrent LBP, the opposite occurred. Finally, isolated lumbar fatigue 24, 25 and a forward-leaning posture 26 have been associated with an increase in antagonist muscle activity in the rectus abdominis muscle in healthy persons. We did not record EMG during jogging gait; however, we speculate that this response occurred in the control group, as they experienced forward trunk posture during jogging gait. In persons with recurrent LBP, a lack of abdominal muscle strength and endurance, common in this population, may help to explain why they did not experience a similar adaptive postural mechanism during jogging gait.
Altered trunk and lumbar spine positioning during activity may change compressive loading of the intervertebral facet joints, increasing compressive loading at the intervertebral disc and pressure in the nucleus pulposus. 27 This may result in abnormal compression or tension stresses on the anterior and posterior aspects of the intervertebral disc, respectively, potentially increasing the likelihood of LBP. 27, 28 In addition, a forward-flexed 
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a Measurements reflect results before and after lumbar paraspinal muscle fatiguing exercise for persons with recurrent low back pain (LBP), controls, and combined for all participants. b Group 3 time interaction (P 5 .04). c Group 3 time interaction (P 5 .02). d Group 3 time interaction (P 5 .02). e Less than pre-exercise combined (P 5 .005).
posture of the trunk causes greater intervertebral fluid loss and less nutrient diffusion into the disc. 29 In our study, persons with LBP may have been adapting to isolated lumbar fatigue by avoiding potentially injurious trunk and spine positions.
During gait, a more forward-leaning position of the trunk causes a forward excursion of the body's center of mass, 30, 31 which is characterized by sustained knee flexion during the stance phase in addition to faster ground reaction force loading rates 31 and increased metabolic demand. 32 These changes may also alter lower extremity joint moments. For example, greater lateral trunk sway has been associated with reduced ipsilateral knee adduction moments. 33 Similarly, it is reasonable to expect a change in the sagittal-plane knee moment with a more forward-flexed posture of the spine and trunk. Previously, lumbar paraspinal fatigue resulted in reduced quadriceps activation 11, 12 and reduction in the external knee flexion moment, 34 indicating a coping response that may include quadriceps avoidance during gait. 35 In the current study, we observed slightly greater knee flexion angles (however, they were not statistically significant and were of suboptimal statistical power) during the first half of the stance phase of gait. This finding is similar to the finding of compensatory mechanisms for maintaining a more upright posture of the trunk during gait. 36 Crouch gait, characterized by excessive knee flexion during terminal swing and the initial phase of stance 36 (ie, loading phase), has been observed as an adaptive mechanism to excessive forward lean during gait. 31 This lower extremity compensatory mechanism has been observed during gait in persons with postsurgical flatback deformity whose gait patterns resemble those of persons with advanced knee joint osteoarthritis. 37 This compensation orients the trunk in a more vertical position but may place abnormal stresses on the lower extremity joints during the stance phase of gait. Based on the current data, we cannot comment on the potential influence of altered trunk posture during gait on lower extremity injury risk.
Persons with chronic LBP typically have poor endurance in the muscles that support the lumbo-pelvic-hip complex; in particular, poor lumbar paraspinal endurance has been linked with risk for developing LBP. 7 We used the model of core instability in healthy persons and observed a postural response during jogging gait. Persons in the LBP group were recreationally active and reported recurring episodes of LBP. Through our screening history and physical examination, we attempted to isolate those with musclerelated LBP by excluding volunteers who may have had other conditions contributing to recurring LBP, such as disc or bone injury, tumor, or nerve involvement. Therefore, we hypothesize that the participants in the Figure 3 . Peak sagittal-plane spine (A) and trunk (B) and frontalplane trunk (C) angles (mean 6 SEM) measured during the loading phase of jogging gait before (baseline) and after fatiguing isometric lumbar extension exercise. The control group exhibited reduced sagittal-plane spine ( a P = .02) and trunk ( b P = .04) angles and frontal-plane trunk ( c P = .05) angles postexercise, whereas the group with low back pain did not (P = .62, P = .62, and P = .22, respectively). Greater spine angle values indicate greater lumbar lordosis, and greater trunk angles indicate greater trunk flexion and lateral flexion in the sagittal plane and frontal plane, respectively. recurrent LBP group might have been exhibiting a familiar postural coping mechanism that the control group was not able to use. This may represent a shunting response to the core as a global protective mechanism to avoid unnecessary movements of the trunk that may predispose the lower extremity and spine joints to inappropriate or excessive forces. Persons in the LBP group, who were recreationally active, may have experienced altered spine positioning previously and so were using a mechanism to avoid such positions in order to preserve function during jogging gait. The kinematic changes we observed are small and raise an important distinction between statistical significance and clinical importance. The effect sizes for the control group from prefatigue to postfatigue ranged from small to medium (Table 2) ; however, kinematic movements were recorded during a self-selected jogging task at a comfortable pace and not during a provocative maneuver, such as a drop landing or other simulated perturbation. Tasks that mimic common joint injury mechanisms may magnify subtle changes over time or between groups. However, the effects of very small changes in joint positions observed during jogging gait in the current study may represent changes that would potentially have a greater, cumulative effect on an athlete over the course of an entire game, season, career, or lifetime. Although we did not observe large effect sizes, small fluctuations in spine kinematics may be of considerable clinical importance with regard to the long-term joint health of persons with recurring LBP. Zazulak et al 38 measured transverse-plane trunk proprioception in athletes and followed them prospectively for 3 years. A mean, statistically significant difference of 0.76 was seen in transverse-plane trunk active reposition error in females who experienced knee joint injuries during the follow-up period compared with females who did not sustain knee injuries. This small difference resulted in an odds ratio that increased 2.9-fold (in terms of the likelihood of experiencing a knee injury) for every degree in increased transverse-plane active position error. 38 In addition, small differences in maximum flexion, extension, and lateral trunk displacement in response to a sudden perturbation were predictors for knee ligament injury, with 91% sensitivity and 68% specificity, indicating that greater trunk displacement predicted knee ligament injury. 39 For men and women, a history of LBP predicted risk for knee ligament inury. 39 Therefore, small differences in core proprioception and neuromuscular control and LBP history may have profound effects on lower extremity injury risk in active populations.
To conclude, in response to fatiguing isometric lumbar extension exercise, persons with a history of recurrent LBP position their trunk and spine differently than do controls. The observed differences are very small; however, they may represent a necessary adaptation used by persons with recurrent LBP to preserve gait function by stabilizing the spine and preventing inappropriate trunk and lumbar spine positioning. These changes may be of clinical importance in the development of recurrent LBP.
